Estimating sapwood area is one of the main sources of error when upscaling point scale sap flow measurements to wholetree water use. In this study, the potential use of electrical resistivity tomography (ERT) to determine the sapwood-heartwood (SW-HW) boundary is investigated for Pinus elliottii Engelm var. elliottii × Pinus caribaea Morelet var. hondurensis growing in a subtropical climate. Specifically, this study investigates: (i) how electrical resistivity is correlated to either wood moisture content, or electrolyte concentration, or both, and (ii) how the SW-HW boundary is defined in terms of electrical resistivity. Tree cross-sections at breast height are analysed using ERT before being felled and the cross-section surface sampled for analysis of major electrolyte concentrations, wood moisture content and density. Electrical resistivity tomography results show patterns with high resistivities occurring in the inner part of the cross-section, with much lower values towards the outside. The high-resistivity areas were generally smaller than the low-resistivity areas. A comparison between ERT and actual SW area measured after felling shows a slope of the linear regression close to unity (=0.96) with a large spread of values (R 2 = 0.56) mostly due to uncertainties in ERT. Electrolyte concentrations along sampled radial transects (cardinal directions) generally showed no trend from the centre of the tree to the bark. Wood moisture content and density show comparable trends that could explain the resistivity patterns. While this study indicates the potential for application of ERT for estimating SW area, it shows that there remains a need for refinement in locating the SW-HW boundary (e.g., by improvement of the inversion method, or perhaps electrode density) in order to increase the robustness of the method.
Introduction
Tree water use estimates (Wullschleger et al. 1998) are not only significant to scientists but also to plantation managers and policy makers (Vanclay 2009 ). In Australia, the impact of pine tree plantations on catchment water balances has been recently noted (Zhang et al. 2011) . Brown et al. (2007) have put forward a case for the need to improve our knowledge of plantation water use, which necessitates improving the accuracy of our estimation methods (Vanclay 2009 ). Furthermore, very few studies (e.g., Dye et al. 1991, Bubb and Croton 2002) have investigated tropical pine tree water use and/or physiology, even though substantial variability in physiology (including larger sapwood (SW) width) has been observed for the species (Dye et al. 1991) . While a number of methods exist for estimating transpiration (at different scales), the use of direct measurements of sap flow using heat-based sensors is popular compared with the eddy-covariance technique and less demanding in terms of expertise. Estimating SW area is one of the main sources of error when upscaling point sapflow measurements to tree transpiration (Hatton et al. 1995 , Koestner et al. 1998 , Clearwater et al. 1999 . The SW-HW ratio is also of interest for commercial purposes, as SW will be used for paper production while heartwood (HW) volume is considered a wood productivity variable (Pereira et al. 2003) . Several methods have been proposed to determine the SW area, the most commonly used being coring the selected tree from a surface point towards the centre (Rust 1999) , and determining the SW-HW boundary using an appropriate dye (Cermak et al. 1992) . The radial thickness is converted to an area by rotation, assuming cross-sectional uniformity. Some authors have proposed a less invasive method where sap flow sensors with multiple thermistors along the needle are used to map the spatial variability of sap flow across the stem (Cermak and Nadezhdina 1998) . This method, however, is relatively time consuming and expensive for obtaining similar information to the coring method, but does additionally yield sap flow information. These methods provide very limited information about the cross-sectional area of the SW. The latter can be directly measured by injecting dye at the trunk base of a selective representative tree before felling and sampling the tree sections for the presence of dye (Umebayashi et al. 2010) . However, it is clearly severely constrained if estimates of SW area are required for a stand of trees. A fast, reliable and non-destructive method for measuring actual SW area for a number of trees in a stand would be extremely valuable for improving estimates of stand transpiration.
Recently, Hagrey (2006 Hagrey ( , 2007 demonstrated that electrical resistivity tomography (ERT) could be used to construct a spatial estimate of tree resistivity across the entire tree stem cross-section. Only a coarse resolution in the tomograph (~1-10 cm) was achieved in these studies. However, application of ERT is relatively fast and effectively non-destructive so potentially of value in estimating cross-sectional structure. While resistivity patterns can be due to the relative wetness of wood, they will also reflect patterns in electrolyte concentrations. Wu et al. (2009) showed the potential use of ERT to map changes in stem moisture content over time in Populus trees. The ERT method has the advantage of being non-destructive, and relatively fast at a low cost. Recently, Rust (2010a, 2010b) , Bieker et al. (2010) and Brazee et al. (2010) experimented with ERT to determine fungal decay in tree stems, while Bieker and Rust (2010b) introduced the use of ERT to estimate SW and HW width in Pinus sylvestris L. They demonstrated the potential of this method, but highlighted some issues, namely: (i) low resistivity along the pith of P. sylvestris and/or other conifers and (ii) the species' specific interpretation of ERT signals (Bieker and Rust 2010a) . Unfortunately, in their SW study, they did not conduct wood moisture content and density analyses and/or electrolyte concentrations as they did in their fungal decay study (Bieker and Rust 2010a) . These characteristics are potentially responsible for changes in resistivity across the stem (i.e., higher resistivities will be associated with lower electrolytes concentration). Indeed, the SW-HW boundary could be mis-estimated if a strong gradient of electrolyte concentration occurs at the same boundary.
While potential for the method is indicated, there remains a lack of knowledge about: (i) how electrical resistivity is correlated to either wood moisture content, or electrolyte concentration, or both; and (ii) how well the SW-HW boundary can be defined in terms of electrical resistivity.
Thus, this study investigates: (i) how the measured electrical resistivity is related to wood moisture content or/and electrolyte concentration, and subsequently (ii) the potential use of ERT to distinguish SW and HW. Our study is based on tropical pine tree species used widely in forestry in Southeast Queensland, Australia.
Materials and methods

Site description
The study was carried out in a pine plantation situated 60 km north of Brisbane in Queensland, Australia (26°57′13″S, 152°58′55″E). Trees in the plantation were 15-year-old Pinus elliottii Engelm var. elliottii × Pinus caribaea Morelet var. hondurensis with a mean canopy height of 16 m. The plantation stand density at the time of the study was ~450 trees per hectare.
In this study 10 trees from the same stand were randomly selected with circumferences ranging from 0.77 to 0.95 m (Table 1) . Following the electrical resistivity measurements, the selected trees were felled in September 2011 and sampled for SW and moisture content analysis, as well as electrolyte analyses (aluminium (Al), calcium (Ca), iron (Fe), potassium (K), magnesium (Mg), sodium (Na), phosphorus (P) and sulphur (S)). Soil water content measurements were taken using time domain frequency probes on the day of the experiment in order to document its spatial variability and are shown in Table 1 .
Electrical resistivity tomography
A multichannel, multielectrode resistivity system (Picus TreeTronic, Argus Electronic GmbH, Rostock, Germany) was used to perform the ERT using a dipole-dipole configuration (Daily and Ramirez 1995) at a low-frequency current of 8.3 Hz. For each of the measurements, several voltages (from 2 to 12 V) were applied to test the associated tomograph sensitivity. Very slight (order of <0.5 % change) or no changes were observed when increasing the voltage, although low voltages led to insufficient electrical inputs.
Electrical resistivity tomography was performed on the selected trees on a clear, sunny and dry day following 2 weeks without any rainfall. As breast height (BH) is the common height used for sap flow measurements, ERT measurements were conducted at 1.5 m above the ground. For each tree, depending on the tree diameter, either 18 or 20 stainless-steel electrodes of 2 mm diameter and 30 mm length (Table 1) were inserted into the stemwood, evenly around the circumference with a 40-50 mm spacing. The stemwood was identified by a change in resistance to electrode penetration, with penetration only being to a maximum depth of around a few millimetres. The ERT only requires that the electrodes are in contact with the moist wood. Bark was removed prior to insertion of the electrodes to improve electrical conductivity and prevent any interference in stem resistivity assessment that might be caused by extremely moist or dry bark. A digital calliper was used to measure the distance between the electrodes, and combined with the Picus Software to reconstruct a 2D spatial shape of the stem at that height.
Inversions were based on the acquired 2D shapes and the Picus Software (Picus TreeTronic, Argus Electronics GmbH), using a default smoothness of 20 and a maximal mesh fineness of 8. The inversion is based on algorithms by Guenther et al. (2006) . Software outputs were processed using ArcGIS (ESRI 2011) and Scilab (Consortium Scilab 2011) .
To check day-to-day variation, measurements were taken the day before and on the day of the experiment. In both cases, all 10 measurements were conducted within a 3-h timeframe.
Electrolyte concentration, wood moisture content and wood density
Trees were felled just after the electrical resistivity measurements were completed. Stem cross-sections in the plane of the tomography were photographed. The SW-HW boundary was determined based on the distinct colour change between the two (Prior et al. 2012) . Additional microscopic analyses were carried out to confirm the SW-HW boundary. This SW depth is hereafter defined as the actual SW depth.
Sections of the trees at 1.5 m above the ground were taken to a field laboratory for sampling. Sap samples were taken following the same procedure as Isik and Li (2003) . For the analysis of electrolyte concentration, sap was sampled for each tree along an axis from the cambium to the HW, for each of the cardinal directions, at 10, 30, 50, 70 mm and at the centre of the tree stem (total of 170 samples).
Because of the rapid drying of the tree section after being cut, only trees 1, 2 and 4 were sampled for wood moisture content and wood density estimates. Vertical cores from the cross-sections were obtained as for the sap flow samples, using a 15 mm corer attached to a drill, and cored up to a depth of 30 mm. Samples were taken along the cambium to HW axis at 10, 30, 50, 70, 90 mm from the cambium, and at the centre of the stems for all cardinal directions for each of the three trees. These cylinders were sealed in the field, kept in ice and brought back to the laboratory where they were frozen and stored. For the analysis of electrolyte concentration, 50-150 mg of sap was digested with nitric acid in the laboratory, and analysed by inductively coupled plasma-optical emission spectroscopy for Al, Ca, Fe, K, Mg, Na, P and S.
Samples were weighed (W f ) and then dried in an oven at 60 °C until there was no detectable change in their mass (after 16 days). Samples were weighed again (W d ). Wood moisture content (m c (g g −1 )) was then determined as (Eq. (1))
Wood dry density ρ d (g cm −3 ) was calculated as
where V d is the dry volume. Dry volume was determined following the procedure described in Vandegehuchte and Steppe (2012) .
Surface soil water content
Soil water content in the top 0.3 m was measured the day before the study using a portable time domain frequency probe (ICT international MP406, Armidale, Australia). Measurements consisted of three measurements of soil water content at 0.3, 0.6 and 0.9 m from the tree trunk taken at the four cardinal directions of each tree.
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Results
Electrical resistivity tomography
Figure 1 presents electrical resistivity tomographs and radial profiles of the same tomographs from west to east (W-E) along the tomograph sections for six trees from the study. West-to-east profiles were established capturing all data points within a 10 mm width using an ArcGIS package. All tomographs show a pattern of high and low resistivities in the centre and in the outer part, respectively. Resistivities are quite variable between trees, with maximum values at the centre reaching <9000 Ω m for T6, while for most of the other trees, maximum resistivities reach between 2000 and 3000 Ω m. For some of the trees, ERT patterns show high resistivity features on the outer part of the sections, between the electrode positions.
West-to-east resistivity profiles show similar patterns (Figure 1) , with a symmetric Gaussian shape. However, the gradient of resistivity along the cambium-SW-HW axis differs between the profiles, with larger gradients from low to high resistivities for T1, T4, T8 and T10, and smaller gradients for the other trees.
Triangles on the bottom of the W-E axis in Figure 1 show the positions of the SW-HW boundary based on the direct observations of the cross-section after felling. Rust (1999) has shown the existence of a sharp transition zone of 3-8 mm width for Scots pine. This transition zone appears to be much smaller in our case, and too small to be considered as having a significant impact on the determination of the SW-HW boundary.
The SW-HW boundary on the tomographs was defined as the maximum resistivity gradient along the profiles. The largest gradient was determined using a regression analysis using an ArcGIS package. This criterion was chosen as an approximation of the ideal SW-HW boundary as a step function. Uncertainty bounds were taken as the maximum and minimum peak resistivities. This was done for the four cardinal directions (i.e., the north to south profiles as well, though not plotted here). Figure 2 presents the linear regression between the measured ERT-SW depth as defined previously and the actual SW depth as observed directly on the section of the stem. Table 1 shows that there is no relation between the soil water content measured at the time of the experiment and the measured electrical resistivities.
Wood properties and electrolyte concentrations
Wood moisture content and density are shown in Figure 3 for T1, T2 and T4. A trend of increasing m c from the cambium to the HW appears with a maximum occurring at 90 mm from the cambium. At this location, m c is 1.3 g H 2 O g −1 of fresh wood. At the centre of the trees, m c is again low with a mean value of 0.55 g g −1 and has low variability as shown by the quartiles.
Mean values of electrolyte concentration for T1 to T10 are presented in Figure 4 , with the quartiles showing the variability of the measurements. Aluminium exhibits a slightly increasing concentration towards the centre of the trees and has also more variability at the centre. The other electrolytes do not show any clear trends, even though slightly higher concentrations for all the cations are found at the outermost parts. Al, K, P and S have larger ranges than the other electrolytes.
Discussion
The range of resistivities observed among the 10 trees is comparable with those observed by Bieker and Rust (2010b) . The variation in resistivity ranges that occurs between trees, in particular for T5 and T6 with much higher resistivities is apparently not related to soil water content ( Table 1) . As wood properties are not available for T5 and T6, the existence of a correlation with m c and/or density could not be determined.
The slope of the linear regression (=0.96) in Figure 2 shows that the ERT SW depth underestimates actual SW depth by around 4%. The coefficient of correlation (=0.56) demonstrates the spread of the estimates, and is explained by the uncertainties in both ERT and actual SW depth estimates.
The observed patterns of resistivity across the trunk section in our study are different from those observed in Quercus robur L. by Bieker and Rust (2010b) , where resistivity patterns were strongly related to electrolyte patterns. In our case, no trend in electrolyte concentration is observed from the cambium to the HW. Concentrations of P and K do not decrease towards the pith as much as seen by Hemilsaari and Siltala (1989) . However, the concentration of K has a marked variability along the radial profiles. Concentrations of K, Ca and Mg are lower than those observed by Hemilsaari and Siltala (1989) , whereas Al is observed at higher concentrations.
Finally, no abrupt horizontal variation of cation concentration has been observed. Thus, we expect marked transitions in electrical resistivities to be related to either m c and/or structure, i.e., wood density. In fact, m c and densities show obvious transitions (Figure 3) . The largest values of m c are seen around 90 mm from the cambium, and overall m c is much higher in the SW than in the HW. Densities ρ b match that trend, with higher densities in the HW.
Resistivities exhibit a marked pattern of lower values in the outermost stemwood, and high values in the inner stemwood. Figure 5 shows the electrical resistivity plotted against m c for T1, T2, T3 and T4. This pattern correlates with the observed m c distribution, i.e., low resistivity where m c is high and high resistivity where m c is low. We can differentiate three clusters of data points in Figure 5 . The first cluster (G1) with low m c and high resistivities represents HW samples. The second cluster (G2) shows a relatively flat relation between resistivities and m c . This is probably due to the fact that beyond some threshold, tissues have sufficiently high m c to conduct electronic charges. The last cluster (G3) represents higher resistivities for higher m c . This is not expected. The G3 data correspond to boundaries between HW and SW, where sharp changes in m c and wood structure may occur. It could be explained by the spatial resolution of our wood m c sampling, which could be insufficient to distinguish sharp spatial changes.
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If investigating a number of trees of the same species, a standard procedure for choosing electrode resolution could include manually taking a core to obtain a rough idea of the SW depths likely to be encountered.
High resistivities between electrodes as seen in Figure 1 on T1 for electrodes 1 and 2, 2 and 3 or 9 and 10 and 10 and 11 are not related to low wood moisture content. Indeed, by changing the location of the electrodes for the same tree, high resistivities are either no longer observed, or shifted. This suggests that these are artefacts of the inversion calculation. Regardless, they are neglected in our case because they are located at the outermost part of the SW, away from the SW-HW boundary we are trying to identify. However, to improve confidence in the application of ERT to trees, these aspects should be investigated further and inversion models improved, following works such as Clément et al. (2010) for soils.
Conclusion
In the case of subtropical pine trees, no changes in electrolyte concentrations across the cross-sections of the trees have been observed, which could explain the resistivity patterns from the electrical resistivity tomographs. Thus, resistivity patterns consisting of high resistivity in the inner part of the stem with lower resistivities on the outside are mostly due to changes of wood moisture content and/or density across the cross-sections.
Electrical resistivity tomography shows potential for estimating SW area in the context of improving whole-tree water use estimates because of: (i) the non-destructive aspect of the technique; (ii) a spatial estimate (versus the coring method which is a point measurement) of the SW area (SW area can count for 40% of the uncertainty in the final water flow estimate); and (iii) the easy deployment and use of the instrument (a measurement takes ~15 min to perform).
However, although ERT presents many advantages, this study shows that it still requires some development to improve the inversion resolution. For example, the approach would benefit from improvements in signal inversion algorithms aimed at removing artefacts and also to incorporate additional information about the cross-section structure of the tree.
